Parkinson's disease is usually characterized as a movement disorder ; however, cognitive abilities that are dependent on the prefrontal cortex decline at an early stage of the disease in most patients. The changes that underlie cognitive deficits in Parkinson's disease are not well understood. We hypothesize that reduced dopamine signalling in the prefrontal cortex in Parkinson's disease is a harbinger of detrimental synaptic changes in pyramidal neurons in the prefrontal cortex, whose function is necessary for normal cognition. Our previous data showed that monkeys exposed to the neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), but not exhibiting overt motor deficits (motor-asymptomatic), displayed cognitive deficits in prefrontal cortex-dependent tasks. The present results demonstrate that motor-asymptomatic MPTP-treated monkeys have a reduced dopamine concentration and a substantially lower number (50 %) of asymmetric (excitatory) spine synapses in layer II/III, but not layer V, of the dorsolateral prefrontal cortex, compared to controls. In contrast, neither dopamine concentration nor asymmetric synapse number was altered in the entorhinal cortex of MPTPtreated monkeys. Together, these findings suggest that the number of asymmetric spine synapses on dendrites in the prefrontal cortex is dopamine-dependent and that the loss of synapses may be a morphological substrate of the cognitive deficits induced by a reduction in dopamine neurotransmission in this region.
Introduction
The 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated monkey has been used to model the loss of striatal dopamine (DA) innervation and motor abnormalities that typify Parkinson's disease. However, we and others (Fernandez-Ruiz et al. 1995 ; Schneider & Kovelowski, 1990 ; Taylor et al. 1990) have noted that, in monkeys exposed to low doses of MPTP such that they retain overtly normal motor faculties (termed motor-asymptomatic), there are cognitive deficits on tasks requiring normal prefrontal cortex function for >12 months after treatment. These cognitive deficits are similar to those observed at an early stage in Parkinson's disease (Dubois & Pillon, 1997 ; Lees & Smith, 1983) . Paralleling the observations in the MPTP-treated monkey, a group of patients who inadvertently ingested MPTP were found to have a pattern of cognitive changes similar to those in patients with idiopathic Parkinson's disease (Stern et al. 1990 ). Furthermore, each of these MPTP-exposed patients, while having some subtle Parkinsonian features, had in no case sufficient motor signs for a diagnosis of Parkinson's disease, consistent with the hypothesis that cognitive changes can occur in the presence of few, or none, of the motor manifestations of Parkinsonism (Stern et al. 1990) .
Prefrontal cortex activity and function is regulated by the action of several neuromodulators within the region and also by neuronal connections with other regions (Alexander et al. 1986 ; Fuster, 2008) . Notably, the primate dorsolateral prefrontal cortex (DLPFC, area 46), which has a particularly important role in executive functions, receives a relatively dense dopaminergic input (Berger et al. 1991 ; Lewis & Sesack, 1997 ; Williams & GoldmanRakic, 1998 ) and dysregulation of DA signalling in this region has been implicated in cognitive deficits (Brozoski et al. 1979 ; Jentsch et al. 1999) and in a variety of neuropsychiatric disorders (Carlsson et al. 2001 ; GoldmanRakic, 1995 ; Schultz, 2002) . Several studies have highlighted the need for DA-glutamate co-activation for normal prefrontal cortex function (Jay, 2003 ; Miller, 2000 ; Tseng & O'Donnell, 2004 ; Volk & Lewis, 2010) . However, there is not a thorough understanding of the basis of DArglutamate interactions that control the activity of pyramidal cells, which are the principal output neurons of the prefrontal cortex.
Dendritic spines are the post-synaptic location for the vast majority of excitatory synapses and as spines can change in shape, size and number over time, they play an important role in neural plasticity (Blanpied & Ehlers, 2004 ; Calabrese et al. 2006) . Dendritic spines are the most common targets of dopaminergic terminals in the DLPFC, where they invariably form part of a threeway synaptic complex in which the dendritic spine of a pyramidal (glutamatergic) neuron is the target of both a DA-positive symmetric and an unlabelled asymmetric (excitatory) bouton (Goldman-Rakic et al. 1989 ; Smiley et al. 1992) . This arrangement allows for strategic dopaminergic modulation of the overall excitability of cortical projection neurons by altering local spine responses to excitatory inputs. We propose that, in the primate prefrontal cortex, dopaminergic control of glutamate transmission can occur by regulating the number of excitatory synapses on spines of pyramidal output neurons.
Our previous studies demonstrated that repeated phencyclidine (PCP) treatment of adult male monkeys, using a paradigm that causes cognitive deficits and decreased DA tone in the DLPFC, leads to significant reduction in the number of asymmetric spine synapses in layer II/III and layer V of DLPFC . These data suggest that dopaminergic tone is necessary for the maintenance of asymmetric spine synapses in DLPFC. However, a more critical test of this hypothesis is to examine the relationship between DA levels and asymmetric synapse number in DLPFC of MPTP-treated monkeys, as this drug has a more specific and lasting effect on DA neurons compared with PCP.
Thus, in the current study we examined the DLPFC of motor-asymptomatic MPTP-treated monkeys to determine whether a significant loss of both DA concentration and the number of asymmetric spine synapses occurs. Such changes might be responsible for, or contribute to, the impairment in cognitive function that occurs in this model and in Parkinson's disease.
Method

Animal treatment and tissue sampling
Young adult male African green monkeys (Chlorocebus sabaeus) in this study were housed and studied at the St Kitts Biomedical Research Foundation animal facility (AAALAC-accredited, West Indies). Experiments were approved by the institutional animal care and use committees for Yale University and for St Kitts Biomedical Research Foundation. MPTP-treated monkeys were injected with the drug (2.25 mg/kg i.m. ; Sigma-Aldrich, USA) given in divided doses over 5 consecutive days (Taylor et al. 1990) . It is well known that, after exposure to MPTP, individual monkeys will exhibit different degrees of striatal DA loss and motor abnormalities (reviewed in Fox & Brotchie, 2010) . Thus, although the main focus of this study is MPTP-treated monkeys that are motor asymptomatic, animals with more motor Parkinsonian signs are included, to gauge whether there is a correspondence between the impact of MPTP on DLPFC (assessed by DA levels and asymmetric spine synapse number) and its effect on striatum (assessed by DA levels and motor performance). The extent of Parkinsonian motor deficits correlates strongly with striatal DA concentration (Elsworth et al. 2000) and motor behaviour is routinely measured at the animal facility following MPTP treatment in order to assign animals to specific studies. Cognitive deficits were not measured in the current study as it has been well established that they occur following MPTP (see Introduction) and because the relationship between DA and asymmetric synapse number in DLPFC was the focus of this study.
The motor behaviour of MPTP-treated monkeys in the month after treatment was scored by blinded, trained observers using a quantitative time-sampling method (Taylor et al. 1994 (Taylor et al. , 1997 and monkeys were assigned to a motor severity category, either asymptomatic or symptomatic (those with moderate/severe motor abnormalities). Monkeys were euthanized by an injection of sodium pentobarbital given at 1 month to 1 yr after MPTP ; the interval did not correlate significantly with DA levels or asymmetric synapse number, either within the motor behaviour subgroups or with all MPTP-treated animals. Brains were perfused with saline containing heparin (1 litre with 1000 units) followed by a fixative (1.5-2.0 litres) consisting of 4 % paraformaldehyde and 0.1 % glutaraldehyde (prepared from catalogue number 16 300 ; Electron Microscopy Sciences, USA) in 0.1 M phosphate buffer (pH 7.4). Subsequently, brains were stored overnight in glutaraldehyde-free fixative and then transferred to phosphate buffer containing 0.1 % sodium azide. In some instances (for two controls and two MPTP-treated monkeys that were processed together), brains were not fixed during perfusion. Instead, coronal sections were post-fixed at refrigerator temperature in a series of increasing concentrations of fixative, each for at least 4 h, starting with 1 % paraformaldehyde with 0.05 % glutaraldehyde, followed by 2 % paraformaldehyde with 0.1 % glutaraldehyde, 3 % paraformaldehyde with 0.15 % glutaraldehyde, 4 % paraformaldehyde with 0.2 % glutaraldehyde and finally 4 % paraformaldehyde with 1 % glutaraldehyde. We had previously tested variations of the post-fixation procedure in order to optimize it, based on tissue fixation and morphology at the electron microscope level and to confirm that treatments that alter synapse number produced the same quantitative effect with both fixation methods. The MPTP loss measured in post-fixed tissue differed by <1 % from that found in perfusion-fixed tissue.
Number of asymmetric synapses
The numbers of asymmetric spine synapses in layer II/III of DLPFC and entorhinal cortex, and layer V of DLPFC, were calculated using an unbiased electron microscopic stereological approach, as published previously Leranth et al. 2008) . Briefly, serial sections (200 micron) were cut in the coronal plane throughout the region on a vibratome and systematically sorted into 10 sets. One randomly selected set of sections was post-fixed in 1 % osmium tetroxide, dehydrated in 70 % ethanol containing 1 % uranyl acetate and flat embedded in Durcupan (Electron Microscopy Sciences, USA). The volume of sampling areas was estimated using the Cavalieri Estimator module of the Stereo Investigator @ system (MicroBrightField Inc., USA). The boundaries of Walker's area 46 were determined according to the description of Leranth et al. (2008) . Thereafter, 20 sampling sites for electron microscopic analysis were localized in the sampling area using a systematic-random approach, as described earlier (Leranth et al. 2008) . Blocks were assembled for ultra-cutting, trimmed and approximately four 75 nm thick consecutive ultra-sections were cut from each sampling site. Digitized electron micrographs were taken for the physical dissector at a final magnification of 11 000r. The dissector technique requires picture pairs depicting identical regions in adjacent ultra-sections, these identical regions being identified by landmarks, such as myelinated fibres, which do not change significantly between adjacent ultra-sections due to their size. Prior to synapse counting, the pictures were coded for blind analysis. This sampling technique provided 20 dissectors for each region. Asymmetric spine synapses were counted according to the rules of the dissector technique (Leranth et al. 2008) within an unbiased counting frame superimposed onto each electron micrograph. Synapsing spines were identified by the presence of post-synaptic densities, as well as by the absence of mitochondria, microtubules and synaptic vesicles. The average volumetric density (synapse/mm 3 ) of spine synapses was then determined by dividing the sum of spine synapses counted in all samples taken from that particular sampling area by the dissector volume. The volumetric density of spine synapses was multiplied by the volume of the sampling area, determined earlier, to arrive at the total number of spine synapses. The number of spine synapses was calculated independently by two different investigators and the results were cross-checked to preclude systematic analytical errors.
DA assay
DA concentration was measured in tissue dissected from the DLPFC and entorhinal cortex. The method used for determination of DA concentration is described in detail elsewhere (Morrow et al. 2011) . Briefly, frozen tissues were first sonicated in cold perchloric acid containing dihydroxybenzylamine as internal standard. After centrifugation, catechols in the supernatant were adsorbed on an alumina column at pH 8.2, then eluted in dilute acid and finally separated by HPLC. DA was detected electrochemically and quantified with regard to internal and external standards. The centrifuged tissue pellet was digested with sodium hydroxide and its protein concentration measured using the Lowry method, so that DA concentration in tissue samples could be expressed as ng/mg protein. Some tissues for HPLC analysis used in this study were collected from monkeys involved in other projects over the past 10 yr. These tissues were kept frozen at x70x until assay and the tissue content of DA was analysed within a few months of collection. We have determined however that such samples are stable for many years when frozen at this temperature.
Statistics
Data were analysed by one-way or two-way analysis of variance (ANOVA) or by unpaired two-tailed t test, as appropriate, with p<0.05 being regarded as significant (Prism 5.0d ; GraphPad Software, USA). Variance in group means are given as¡S.E.M. Values of DA in DLPFC were log-transformed for statistical analysis as Bartlett's test was statistically significant when using the raw data, but not when transformed.
Results
MPTP reduced the DA concentration in DLPFC in both motor severity groups. One-way ANOVA revealed that there was a significant difference among the means (F 2,52 =27.3, p<0.0001) and Newman-Keuls test indicated a significant difference of each MPTP group from controls (asymptomatic, p<0.05 ; symptomatic <0.001) and a difference between the MPTP-treated groups (p>0.01 ; Fig. 1 a) . The extent of DA depletion in DLPFC was compared to the loss of DA in the striatal subregion that is most affected by this MPTP treatment regimen in this species of monkey, the dorsolateral caudate nucleus (Elsworth et al. 2000) . The asymptomatic motor group exhibited a 34 % loss of DA concentration in DLPFC, compared to 95 % loss of DA in dorsolateral caudate nucleus in the same animals, while the symptomatic motor group incurred 59 % loss of DA concentration in DLPFC compared to >99 % loss of DA in dorsolateral caudate nucleus in the same animals.
The number of asymmetric spine synapses in layer II/III of DLPFC from control and MPTP-treated monkeys were compared by one-way ANOVA. The analysis showed that there was a significant difference among the means (F 2,10 =53.0, p<0.0001) and Newman-Keuls test indicated a significant difference for each MPTP group from controls (p<0.001) and no difference between the MPTP-treated groups (Fig. 1b) . Representative electron micrographs of DLPFC from control and MPTP-treated monkeys are shown in Fig. 2 a, b . The impact of MPTP on asymmetric spine synapses was different in layer V of DLPFC compared to layer II/III (Fig. 3) . Thus, one-way ANOVA for number of synapses in layer V of control and MPTP groups was significant (F 2,9 =11.7, p<0.005) but Newman-Keuls test revealed that only the symptomatic MPTP monkeys had a significant loss of asymmetric synapses compared to controls (p<0.01). In addition, there was a significant difference in the number of asymmetric spine synapses in layer V between the asymptomatic and symptomatic MPTP groups (p<0.05).
In view of the significant MPTP-induced changes in DA concentration and asymmetric synapse number observed in DLPFC, it was decided to analyse a control brain region in order to assess whether there were changes in asymmetric synapse number in a region with no MPTP-induced change in DA level. The entorhinal cortex was selected for analysis, as earlier unpublished data (Fig. 4) indicated that this region was unaffected by MPTP.
DA concentration in additional samples of entorhinal cortex from MPTP-treated monkeys and controls was analysed (Fig. 5 a) , which confirmed the lack of effect of the drug on DA in this region (t 16 =0.83). No significant effect of MPTP was detected on asymmetric synapse number (Fig. 5 b ; t 8 =0.06) . Thus, in entorhinal cortex, a region in which MPTP does not induce a loss of DA concentration, there was no MPTP-induced loss of asymmetric spine synapses.
Discussion
While many studies have shown that the dopaminergic input to striatum and to some non-striatal regions are susceptible to MPTP-induced toxicity, the current data demonstrate that the dopaminergic innervation to the DLPFC, a region critical for cognitive control, is also impacted by the protoxin. There is no previous report of a significant MPTP-induced DA loss in the DPLFC, although Scatton et al. (1983) found DA depletion in frontal cortical regions in Parkinson's disease. Furthermore, this study revealed that the number of asymmetric (glutamatergic) spine synapses was markedly reduced in layer II/III of the DLPFC by MPTP treatment. As signal transmission through cortical pyramidal (glutamatergic) neurons is critical for cognitive function (Miller, 2000) , the current data support the hypothesis that DA is an important regulator of asymmetric spine synapse number in DLPFC and that this property of DA contributes its role in prefrontal cortex-dependent cognition. The loss of DA induced by MPTP was less in DLPFC than in dorsolateral caudate nucleus, the striatal subregion that is most impacted by the toxicity. Thus, in those monkeys with asymptomatic motor Parkinsonism, the decrease in DA content in DLPFC was about 34 % of control, while the dorsolateral caudate nucleus loss in these monkeys was 95 %. The reason for the difference in vulnerability of these dopaminergic projections to MPTP corresponds to their different origins. The dopaminergic innervation of DLPFC arises primarily from the A9 cells dorsal to the substantia nigra pars compacta (Williams & Goldman-Rakic, 1998 ), a population that is less susceptible to MPTP than the more ventrally located DA neurons and that are mainly responsible for innervating the striatum (German et al. 1988 ). An important distinction between the populations of DA neurons innervating the DLPFC and striatum is the extent of loss that can be incurred before functional consequences are invoked. Thus, it is well known that the motor signs of Parkinsonism do not arise in animals until about 90-95 % loss of striatal DA concentration occurs because compensatory mechanisms in the basal ganglia circuitry can maintain extracellular DA levels in the normal range until this threshold is crossed (Elsworth et al. 2000 ; Zigmond et al. 1989) . In contrast, only moderate loss of DA terminals in prefrontal cortex is sufficient to reduce extracellular DA concentrations in this brain region (Bean & Roth, 1991 ; Venator et al. 1999) . Furthermore, it appears that approximately 50 % loss of tissue DA content in prefrontal cortex of rats or monkeys is sufficient to impair performance of behaviours dependent on the prefrontal cortex ( Clinton et al. 2006 ; Roberts et al. 1994 ; Stam et al. 1989) . Even a partial loss of DA tone in the prefrontal cortex (rather than a lesion of DA neurons innervating the prefrontal cortex) can induce cognitive dysfunction. Thus, following repeated PCP treatment there is a reduction in DA turnover (30-50 %) in the DLPFC of monkeys and in DA turnover (25-35 %) and efflux (40 %) in the prefrontal cortex of rats, with these decreases being associated with deficits in performance of prefrontal cortex-dependent behavioural tasks (Jentsch et al. 1997a (Jentsch et al. , b, 1998 . These findings indicate that a moderate loss of DA in the prefrontal cortex affects the cognitive functions of that region, whereas a moderate loss of striatal DA concentration does not overtly impact motor performance. This conclusion provides a likely explanation for deficits observed in MPTP-treated monkeys performing prefrontal cortex-dependent cognitive tasks while displaying no or only mild motor abnormalities. Previous data have identified a loss of asymmetric synapses on medium spiny neurons in striatum following a lesion of the nigrostriatal DA pathway (Day et al. 2006 ; Ingham et al. 1998 ). The present data are the first to associate DA with regulation of the number of asymmetric synapses on spines of pyramidal neurons in cortex, although it is known that damage to the dopaminergic innervation of rat prefrontal cortex results in a loss of dendritic spines (Wang & Deutch, 2008) . With o90 % decrease in striatal DA concentration induced by 6-hydroxydopamine in the rat, the loss of asymmetric synapses in striatum was estimated to be 19 % (Ingham et al. 1998) or >50 % selectively in the striatopallidal projecting population of striatal neurons (Day et al. 2006) . It is interesting that in the present study we obtained an approximate 50 % loss of asymmetric synapses with far less depletion of DA than in the studies linking asymmetric synapses and DA loss in striatum. The reason for the discrepancy between DLPFC and striatum in terms of the extent of asymmetric synapse loss that is induced in response to a DA lesion could be linked to the apparent lack of equivalent compensatory mechanisms in DA neurons innervating DLPFC (see above paragraph). Another possible explanation is that asymmetric synapses in DLPFC are more sensitive than those in striatum to synaptic DA levels. Alternatively, the MPTP-induced reduction in spine synapses in DLPFC may, in part, reflect alterations in the functional state of the system that is elicited by DA denervation in the striatum.
A decrease in DA neurotransmission in DLPFC concomitant with a loss of asymmetric synapses and cognitive dysfunction in the motor-asymptomatic MPTPtreated monkey is reminiscent of our recent observations following PCP administration in the monkey . It is noteworthy that the parallel between the two models extends to the effect of the drugs on laminar distribution of spine synapses, as in both cases there was a greater loss in layer II/III than in layer V. The proposed relationship between a reduction in DA-mediated signalling and loss of asymmetric synapses in DLPFC is also supported by two separate studies in aged monkeys. The first demonstrating a decrease in DA concentration in the prefrontal cortex (Goldman-Rakic & Brown, 1981) and the second showing a loss of asymmetric synapses in layer II/III of DLPFC that strongly correlated with degree of impairment on a prefrontal cortex-dependent cognitive task (Peters et al. 2008) . Thus, these data cited above from PCP-treated monkeys and aged monkeys support the present results and strengthen the hypothesis that DA is a regulator of asymmetric spine synapse number in DLPFC. Thus, the motor-asymptomatic MPTP-treated monkey presents an ideal opportunity to test whether strategies that reverse DA loss specifically in DLPFC will restore both synapse number in that region and cognitive performance. Such research could provide new treatments for the cognitive deficits in Parkinson's disease and possibly also the cognitive decline associated with ageing.
